Stokes and anti-Stokes Raman spectra of small-diameter isolated carbon nanotubes by Filho  A. G. Souza et al.
Stokes and anti-Stokes Raman spectra of
small-diameter isolated carbon nanotubes
著者 Filho  A. G. Souza, Chou  S. G., Samsonidze 
Ge. G., Dresselhaus  G., Dresselhaus  M. S.,
An  Lei, Liu  J., Swan  Anna K., Unlu  M. S.,
Goldberg  B. B., Jorio  A., Gruneis  A., Saito
 R.
journal or
publication title
Physical Review. B
volume 69
number 11
page range 115428
year 2004
URL http://hdl.handle.net/10097/52638
doi: 10.1103/PhysRevB.69.115428
PHYSICAL REVIEW B 69, 115428 ~2004!Stokes and anti-Stokes Raman spectra of small-diameter isolated carbon nanotubes
A. G. Souza Filho*
Departamento de Fı´sica, Universidade Federal do Ceara´, Fortaleza-CE 60455-760, Brazil
S. G. Chou,1 Ge. G. Samsonidze,2 G. Dresselhaus,3 and M. S. Dresselhaus2,4
1Department of Chemistry,
2Department of Electrical Engineering and Computer Science,
3Francis Bitter Magnet Laboratory,
4Department of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139-4307, USA
Lei An and J. Liu
Department of Chemistry, Duke University, Durham, North Carolina 27708, USA
Anna K. Swan,5 M. S. U¨ nlu¨,5 and B. B. Goldberg5,6
5Electrical and Computer Engineering Department,
6Physics Department,
Boston University, Boston, Massachusetts 02215, USA
A. Jorio
Departamento de Fı´sica, Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais 30123-970 Brazil
A. Gru¨neis and R. Saito
Department of Physics, Tohoku University
and CREST, JST, Sendai 980-8578, Japan
~Received 10 May 2003; revised manuscript received 29 September 2003; published 26 March 2004!
By measuring the anti-Stokes ~AS! and Stokes ~S! Raman spectra on the same isolated single-wall carbon
nanotube ~SWNT!, we here determine the electronic transition energies Eii experimentally (Eiiexp), and then we
compare these Eii
exp with the Eii values obtained with theoretical predictions (Eiical). In such an approach, the
nanotube (n ,m) structure identification depends on the theory parameters, but the experimental determination
of Eii
exp does not, and depends only on the experimental AS/S intensity ratio and the laser energy E laser used in
the experiment. We measured the radial breathing mode frequency vRBM and Eii
exp for specific tubes, and we
then performed the (n ,m) identification by using the dt diameter dependence of the electronic transitions. We
present such an analysis for a wide nanotube diameter range, focusing primarily on small diameter SWNTs
(dt,1.1 nm), where there are very few (n ,m) possibilities for SWNTs that can be in resonance with the
appropriate laser energy E laser . This allows an experimental determination of Eii
exp values to be made for a
variety of (n ,m) SWNTs. Our experimental results indicate that: ~i! the large curvature in small diameter tubes
induces a s-p hybridization, thus lowering the electronic band energies, and ~ii! the simple formulation of the
tight binding model (g052.89 eV) to determine Eii starts to deviate from Eiiexp for tubes with dt,1.1 nm, but
the deviation DE225E22
exp2E22
cal remains smaller than 20 meV for dt>0.83 nm. A comparison between Eiiexp
data obtained from Raman and photoluminescence is made, and a comparison is also made between Eii
exp data
for SWNTs and double-wall carbon nanotubes.
DOI: 10.1103/PhysRevB.69.115428 PACS number~s!: 77.84.DyI. INTRODUCTION
Single-walled carbon nanotubes ~SWNTs! are very good
prototype materials for modeling one-dimensional
systems.1–3 Clever experiments carried out both on nanotube
bundles and single nanotubes have opened up many new
opportunities for learning new physical concepts about low-
dimensional systems and for checking the validity of theo-
retical models as well.1
The one-dimensional ~1D! density of electronic states in
SWNTs has been calculated by using the zone folding0163-1829/2004/69~11!/115428~8!/$22.50 69 1154scheme of the electronic band structure obtained from a
tight-binding model for the graphene layer by considering
only the occupied p and unoccupied p* electronic states.
The fundamental parameter for connecting experiment and
theory in carbon nanotubes to lowest order is the carbon-
carbon transfer energy g0.4,5 This lowest-order theory is ex-
pected to be approximately valid only for larger diameter
tubes (dt>1.1 nm). More detailed calculations based on
pseudopotential local-density-functional theory have claimed
the simple formulation of the tight-binding model to be in-
accurate in determining the properties of small-diameter©2004 The American Physical Society28-1
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in the tight-binding calculations and the hybridization of the
s and p states that arise from the strong curvature effect in
these small diameter tubes.6–8
Experimental optical absorption and resonance Raman
data taken on both SWNT bundles9 and isolated single-wall
nanotubes10–12 for dt>1.1 nm are well explained in terms of
a single parameter g0. All the Raman spectroscopy results
obtained so far at the single nanotube level have been ana-
lyzed using a self-consistent approach, and a fitting to the
experimental data leads to the g052.89 eV value.2 A funda-
mental ingredient for precisely obtaining the g0 parameter is
a good experimental assessment of the Eii values. The most
quantitative method presently available for accurately mea-
suring the Eii values is through a Raman scattering experi-
ment with a tunable laser. This experiment is very difficult to
do and the equipment for carrying out such measurements is
generally not available. Such measurements have thus far
only been carried out once for isolated nanotubes.10 An al-
ternative and practical way for obtaining such information is
by monitoring the anti-Stokes to Stokes intensity ratio for the
radial breathing mode feature in the Raman spectra at a fixed
laser energy. The anti-Stokes to Stokes ratio is very sensitive
to the position of the laser energy E laser relative to the energy
transition Eii because the resonance condition for the scat-
tered photons is different for the anti-Stokes and Stokes
process.
Recent methods for the synthesis of SWNTs, either by
using identical metal-containing molecular nanoclusters as
catalysts13 or solid supported catalyst,14 allowed the growth
of SWNTs with very small diameter and with a narrow di-
ameter distribution. This advance in the growth of isolated
SWNTs offers a unique opportunity and motivation for in-
vestigating these small diameter tubes in their isolated form
grown on a Si/SiO2 surface. By measuring the anti-Stokes
~AS! and Stokes ~S! Raman spectra on the same isolated
SWNT, we here determine the electronic transition energies
Eii experimentally (Eiiexp). We then make a comparison be-
tween Eii
exp and the Eii values obtained with theoretical pre-
dictions (Eiical) in order to identify the (n ,m) integer pairs for
each nanotube. In such an approach, the (n ,m) identification
depends on the electronic band calculation, but the experi-
mental determination of Eii
exp does not, and depends only on
the experimental AS/S intensity ratio and the laser energy
E laser used in the experiment. Thus, we can measure vRBM
and Eii
exp for specific tubes, and then perform the (n ,m) iden-
tification by using the dt diameter dependence of the elec-
tronic transitions. The goal of this paper is to perform such
an analysis over a wide dt range, focusing primarily on small
diameter SWNTs where there are very few (n ,m) possibili-
ties for a SWNT to be in resonance with the appropriate
E laser . This procedure allows a determination of Eii
exp values
to be made for a variety of (n ,m) SWNTs, and an assess-
ment to be made of the accuracy/inaccuracy of the tight-
binding model calculations by comparing the experimental
Eii
exp with theoretical Eii
cal values, calculated on the basis of
the tight-binding model. The results of this comparison dem-
onstrate that the technique is sensitive enough to measure the11542deviations DE225E22
exp2E22
cal
, showing that DE22 becomes
negative for dt,1.1 nm, but that the deviation DE22 for E22
S
remains less than 20 meV for dt>0.83 nm.
II. EXPERIMENT
The isolated tubes used in this paper were prepared by
using a chemical vapor deposition ~CVD! method on a
Si/SiO2 substrate. Silicon wafers with thin films of thermally
grown SiO2 ~about 1 mm thick! were soaked for 30 min in a
0.5 mM methanol solution of 3-aminopropyltriethoxysilane.
The wafers were rinsed with isopropanol and blown dry with
1,1,1,2 tetrafluoroethane, and then were kept at 120 °C for a
minimum of two hours. The Fe/Mo nanoclusters ~prepared
by the method described in Ref. 13! were deposited on the
chemically modified surfaces by soaking the silicon wafers
in the nanocluster solutions for 10 min. The samples were
then sonicated in ultrapure water immediately after being
taken out of the nanocluster solution to get rid of the physi-
cally absorbed nanoclusters, and the samples were then
blown dry with 1,1,1,2 tetrafluoroethane.
The wafers were then put into a quartz tube in a furnace.
They were first annealed in air for 5 min at 700 °C, and then
H2 ~200 sccm! was used to reduce the substrates for 5 min at
900 °C. Subsequently CVD was performed with the mixture
of CO ~800 sccm! and H2 ~200 sccm! for 15 min at the same
temperature. Finally, the system was cooled under an H2
atmosphere. Atomic force microscopy ~AFM! images have
shown that our samples have nanotubes with diameters vary-
ing from 0.7 to 1.5 nm ~for samples grown by the above
described method! with an average diameter of about 1.0 nm
~see Fig. 1!. Samples with larger diameter nanotubes (dt
.1.0 nm) were prepared as described in Ref. 15.
The spectral excitation for resonance Raman experiments
was provided by laser lines of E laser51.58, 1.96, and 2.41
eV, all of them with a power level P<10 mW @power den-
sity ;1 MW/cm2] at the sample surface. The scattered light
was analyzed using a Kaiser Hololab system ~for 1.58 eV
laser excitation! and a Renishaw 1000 B system ~for 1.96
FIG. 1. Diameter distribution of a sample of isolated individual
SWNTs on a Si/SiO2 substrate obtained by atomic force micros-
copy ~AFM! using the method reported in Ref. 13. The inset ~upper
right! depicts an AFM image of the sample.8-2
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charge-coupled device ~CCD! for detecting the scattered
light.
Both Stokes and anti-Stokes spectra are taken simulta-
neously and so the time acquisition and laser power are the
same for both spectra. For the purpose of this paper, it is the
anti-Stokes to Stokes intensity ratio that is the fundamental
quantity that is measured. For using this experimental input
properly, we first correct the measured intensity for the in-
strumental response at different wavelengths by accounting
for the efficiencies of the gratings and the detector efficien-
cies. Second, we normalized the anti-Stokes signal by the
Boltzmann factor exp@2Eph /kT# , where Eph is the phonon
energy. Since no evidence for overheating the SWNTs was
observed experimentally when the laser power level was var-
ied, a sample temperature of 300 K was considered in this
normalization procedure. After taking account of these two
factors that greatly affect the anti-Stokes to Stokes intensity
ratio, the observed asymmetry in the phonon intensity for the
anti-Stokes and Stokes spectra @see Fig. 2~c!# comes from the
difference in the resonant conditions between the incident
and scattered photons with the electronic transitions, which
is the physics that is used to determine Eii experimentally.
III. RESULTS AND DISCUSSION
A. Eii determination from anti-StokesÕStokes ratio
In Figs. 2~a! and 2~b! we show the Raman spectra for an
isolated SWNT identified in this work as ~10,5! whose RBM
frequency is 236 cm21. In this figure the anti-Stokes inten-
sity is normalized by the Boltzmann factor to account for the
temperature dependence of the phonon population. In an or-
dinary Raman scattering experiment ~off resonance! carried
FIG. 2. ~a! Anti-Stokes and ~b! Stokes radial breathing mode
Raman spectra for a semiconducting ~10,5! tube as identified in this
work. The anti-Stokes spectrum intensity is normalized with the
Boltzmann factor. ~c! Resonant window for both the normalized
anti-Stokes ~solid circles! and Stokes ~open circles! Raman pro-
cesses. The gray plot stands for the joint density of states profile for
a given tube. The laser energy is represented as a vertical dashed
line.11542out at room temperature, the Stokes intensity is larger than
the anti-Stokes intensity. However, after the normalization
procedure that takes the Boltzmann factor into account, the
normalized anti-Stokes to Stokes intensity ratio under off
resonance conditions is always 1. In the case where the ex-
periment is carried out on resonance, as is done for SWNTs,
the anti-Stokes to Stokes intensity ratio is equal to 1 when
Eii;E laser . The asymmetry observed in Figs. 2~a! and 2~b!
can be understood by considering the resonance process. For
this particular SWNT spectrum, one can observe that the
Stokes intensity is larger than that of the anti-Stokes inten-
sity. This occurs because the resonance process is not only
due to the incident photon, but there is also a resonance with
the scattered photon. The scattered photons have different
energies for the Stokes and anti-Stokes processes, and these
energies are, respectively, E laser2Eph and E laser1Eph . Then
for a given phonon, such as for the RBM phonon shown in
Figs. 2~a! and 2~b!, there are two resonant peaks for the
Stokes process and two peaks for the anti-Stokes process, as
shown for the calculated line shapes in Fig. 2~c!. One of
these peaks is common to both processes, and occurs when
E laser5Eii corresponding to the resonance with the incident
photons. For the other resonant peaks, this condition is
downshifted ~upshifted! by the phonon energy in the case of
the anti-Stokes ~Stokes! process and the peak occurs when
E laser5Eii2Eph (E laser5Eii1Eph). The intensity of a given
phonon for both the Stokes and the normalized anti-Stokes
spectra as a function of laser energy was experimentally ob-
tained through an experiment with a tunable laser10 and this
profile @referring to the plot in Fig. 2~c!# was used here for
analyzing the anti-Stokes to Stokes intensity ratio.
By analyzing the line shape in Fig. 2~c! we can see that
the anti-Stokes ~solid circles! to Stokes ~open circles! inten-
sity ratio depends sensitively on the position of the laser
energy @vertical dashed line in Fig. 2~c!# relative to the sin-
gularity Eii . If E laser.Eii , the Stokes spectrum is more in-
tense than its anti-Stokes counterpart, as in the case of Figs.
2~a! and 2~b!. If E laser,Eii , the Stokes spectrum is less in-
tense than its anti-Stokes counterpart, considering the nor-
malization of the experimental data by the Boltzmann factor
in Fig. 2~a!. The special situation, where both Stokes and
anti-Stokes processes have about the same resonance en-
hancement factor, occurs when E laser;Eii . The dependence
of the anti-Stokes to Stokes intensity ratio on laser energy
allows one to use the measured ratio of the anti-Stokes to
Stokes intensities IAS /IS for the radial breathing mode for a
given E laser to sensitively determine the energy Eii of the
resonant van Hove singularity in the joint density of states.11
This determination is done by adjusting the experimental
Eii
exp which would produce the measured IAS /IS ratio for that
particular (n ,m) tube when using a particular E laser . The
(n ,m) indices were then determined as the best fit of the
nanotube diameter dt ~measured from the RBM frequency!
and Eii
exp to the predicted dt and Eii
cal values @that follow from
the (n ,m) indices#.
B. n ,m assignments
We have measured both Stokes and anti-Stokes spectra
for a number of tubes @20 different (n ,m)] in the diameter8-3
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Stokes intensity ratio and we have determined the Eii
exp val-
ues for each of these nanotubes, including both metallic and
semiconducting tubes and the results are summarized in Fig.
3~a!. For large diameter tubes (dt.1.1 nm), we found that
the parameter g052.89 eV is optimal for describing the ex-
perimental Eii
exp at the single nanotube level ~within a 10
meV range, consistent with experimental deviations!, regard-
ing the agreement between Eii
exp and Eii
cal
. However, as dt
gets smaller than 1.1 nm, some deviations between the cal-
culated and experimentally determined values start to
emerge, as can be clearly seen in the trend of the DE
5Eii
exp2Eii
cal vs. dt plot depicted in Fig. 3~b!. By taking into
account the uncertainties related to the experimental setup
and normalization procedure, we conclude that the accuracy
for the solid points in Fig. 3 is about 10 meV.
The association of the observed vibrational spectrum with
a particular (n ,m) SWNT via resonance Raman spectros-
copy data is primarily made based on two considerations: ~i!
The Raman spectrum is observable only for those nanotubes
that have Eii energies close to the laser excitation energy
E laser due to resonance enhancement; ~ii! The frequency of
the radial breathing mode depends on the reciprocal diameter
1/dt , and vRBM is found to depend on 1/dt by the vRBM
5a/dt relation. The value a5248 cm21nm was determined
for isolated nanotubes lying on a Si/SiO2 surface.16 By com-
bining information about Eii ~resonance enhancement! with
the diameter dependence of the radial breathing mode, it is
possible to correlate the observed Raman spectral properties
with a specific (n ,m) SWNT. The observation of a Raman
spectrum for an isolated tube means that the laser energy is
close to Eii , but from the Stokes spectrum alone, we cannot
obtain the precise value of Eii . However, by analyzing the
anti-Stokes to Stokes intensity ratio, we can get the value of
FIG. 3. ~a! Experimental ~solid symbols! and calculated ~open
symbols! electronic transitions energies E22
S
, E33
S
, E44
S
, and E11
M for
isolated SWNTs probed with different laser energies. The horizontal
dashed lines denote the 1.58, 1.96, and 2.41 eV laser energies used
in the experiments. ~b! Energy difference DEii between experimen-
tal and calculated Eii values. The dotted line in ~b! is a guide to the
eyes.11542the resonant Eii singularity quantitatively. This intensity ratio
indicates unambiguously whether the laser energy is either
above or below the Eii value, as we show in discussing Fig.
2~c!. This approach was used to associate each experimental
point in Fig. 3 with a given calculated (n ,m) SWNT.
For large diameter tubes, sometimes we have more than
one possibility for assigning (n ,m) pairs for a given Raman
spectrum. However, in the small diameter tube range, there
are very few possibilities for assigning (n ,m) pairs when
using a particular E laser line. It is also in the small dt limit
(dt,1.1 nm) that the tight-binding approximation is ex-
pected to be less accurate, as calculations in the literature
have pointed out.6,7 Due to the large curvature for the small
dt SWNTs, the s states should perturb the p-band electronic
levels, and then either more parameters in the Slater-Koster
picture or some s-p band mixing should be added, or both
types of corrections should be used for describing the SWNT
band structure. Since our method for determining Eii
exp is
independent of the band-structure model ~the IAS /IS intensity
ratio depends sensitively on the energy of the singularity in
the joint density of electronic states!, a comparison of the
Eii
exp values with the corresponding Eii
cal is a good approach to
obtain a definite (n ,m) tube assignment also for small dt
SWNTs. In Table I, we list all the (n ,m) tubes we have
identified by the IAS /IS intensity ratio method, along with
their Eii values, as obtained from calculations and from ex-
periments.
By comparing the experimental Eii
exp results ~solid circles!
with the predicted Eii
cal ~open circles!, we found that the pa-
rameters (a5248 cm21nm, g052.89 eV) best map each
experimental point on to its calculated counterpart. In order
to make this clear, we show the calculated and experimental
Eii for the large dt range @covering the E33
S and E44
S transi-
tions in Fig. 4~a!# and the small dt range @covering the E22
S
transition in Fig. 4~b!#. The Eii
cal for which we assigned ex-
perimental values for Eii
exp are marked by open circles en-
closing ‘‘1’’ signs. By inspecting Fig. 3~b!, one can see
~Table I! a trend in the deviation between the experimental
Eii
exp values and those calculated by the tight binding model
Eii
cal
, namely, that the deviation DEii5(Eiiexp2Eiical) becomes
more negative as dt gets smaller, thus indicating that the
tight-binding approximation overestimates the van Hove sin-
gularity energies for small-diameter tubes. Ab initio calcula-
tions of the nanotube electronic structure have indicated that
nanotube curvature induces a s-p hybridization, thus lower-
ing the electronic band energies.6,7,17 This picture is qualita-
tively consistent with our experimental results shown in Fig.
3. In Table I, we list all the (n ,m) tubes we have identified
by the IAS /IS intensity ratio method, along with their Eii
values, as obtained from calculations and from experiments.
However, we should emphasize that the deviations from the
tight-binding calculations that we have observed experimen-
tally are on the order of 20 meV or less. These deviations are
much smaller than the numerical precision achieved in ab
initio calculations ~around 100 meV! and much smaller than
the magnitude of their predicted deviations from the tight-
binding calculations ~50 meV!.8-4
STOKES AND ANTI-STOKES RAMAN SPECTRA OF . . . PHYSICAL REVIEW B 69, 115428 ~2004!TABLE I. Assigned (n ,m) and Eiiexp using the measured anti-Stokes to Stokes intensity ratio for isolated SWNTs and g052.89 eV. Also
shown are Eii
cal obtained from (n ,m) by tight binding calculations and the deviation energy DEii5Eiiexp2Eiical .
(n ,m) dt(nm) u vRBM(cm21) Eii(eV) DE(meV)
Exp. 248/dt Calc. Exp.
E11
M a
~12,0! 0.95 8.2 259 261 2.413 2.397 216
~9,9! 1.24 30 201 200 1.977 1.979 2
~12,6! 1.26 19.1 196 197 2.007 2.007 0
~16,1! 1.31 3 192 195 1.998 1.994 24
~14,8! 1.53 21.1 161 162 1.577 1.578 1
E22
S
~17,2! 1.44 5.5 172 173 1.812 1.806 26
~11,5! 1.13 17.8 221 220 2.097 2.103 6
~11,4! 1.07 14.9 230 232 1.594 1.583 29
~10,5! 1.05 19.1 236 237 1.531 1.517 214
~11,3! 1.01 11.7 252 245 1.564 1.554 210
~12,1! 0.99 4.0 253 250 1.585 1.587 2
~7,6! 0.86 27.5 277 275 1.841 1.827 214
~7,5! 0.83 24.5 288 298 1.940 1.925 215
E33
S
~14,6! 1.41 17.0 173 175 2.410 2.412 2
~11,9! 1.38 26.7 180 179 2.373 2.377 4
~13,6! 1.34 18.0 186 185 2.339 2.341 2
~15,2! 1.28 6.2 194 194 2.395 2.398 3
E44
S
~18,4! 1.61 11.9 154 154 2.376 2.375 21
~15,7! 1.55 18.1 162 160 2.506 2.509 3
~20,0! 1.59 0.0 158 159 2.394 2.399 5
aThe values listed stand for the lower-energy component of the E11
M singularity, whereas there is only one component for the semiconducting
E22
S
, E33
S
, and E44
S singularities for a given tube.C. Comparison with other experiments
1. Comparison between isolated and bundled SWNT
Raman data
In order to further check the validity of using the vRBM
5248/dt relation for interpreting our results, we have em-
ployed the method developed by Kuzmany et al.18 that al-
lows one to evaluate the diameter distribution of the tubes in
a SWNT bundle by using the RBM spectral response. The
fundamental ingredients used in this method18 are the first
and second moments of the RBM distribution. In Ref. 18 the
analysis is carried out using the relation vRBM5234/dt1b ,
where b is a term that has been described to account for
tube-tube interactions and its values are obtained by fitting
the experimental RBM data. The 234 factor is the value ob-
tained from an ab initio calculations and this value was also
considered by Kuzmany et al. to be an optimal value for this
parameter. We have analyzed our data by considering the
general equation vRBM5a/dt1b and we have used our iso-
lated tube data as follows. We summed up the various spectra
obtained for isolated tubes to get a bundle-like spectra. In so
doing, we can apply the method described in Ref. 18 to
analyze our data. By fitting the first and second moment
calculated for our RBM spectral profile, we obtained a115425251.12 nm cm21 and b521.13 cm21. Since the magni-
tude of a is the same as the experimental accuracy
(;2 cm21), we can consider b50 ~as expected, since there
is no tube-tube interaction!, thus implying that the a
5251.12 nm cm value confirms the validity of using the
24864 nm cm21 constant that we have established for iso-
lated tubes sitting on a Si/SiO2 substrate.2
2. Raman vs photoluminescence data
Optical absorption and photoluminescence data have also
been used to determine Eii values for semiconducting
SWNTs.14,19–22 We also plot, for comparison, the experimen-
tal Eii values @open triangles in Fig. 4~b!# for the E22
S transi-
tion obtained through optical absorption of isolated SWNTs
dispersed in a solution.19,20 The kinds of isolated tubes that
have been studied by optical absorption19–22 are different
from the samples we have investigated in the present Raman
scattering studies ~isolated SWNTs sitting on a Si/SiO2 sur-
face!. The SWNTs for the optical experiments are obtained
by dispersing SWNT bundles with an ultracentrifuge into
isolated SWNTs surrounded by the surfactant sodium dode-
cyl sulfate ~SDS!, thus forming micelles around each SWNT.
As can be clearly observed in Fig. 4~b!, the transition ener-8-5
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culated and experimental data beyond our measured uncer-
tainties. It is not surprising that the results for these two
distinctly different experiments are different, because
Bachilo et al.20 have established for their sample a different
dt dependence for their vRBM ~in units of cm21), namely,
vRBM5223/dt112.5. We, in fact, tried to use this dt depen-
dence for vRBM to fit our Eii
exp data ~that are determined from
Raman spectra, independent of any band calculation!. In so
doing, we could not observe a match between our Eii
exp data
with the modified Eii
cal values ~calculated from tight binding!
for the Bachilo et al.20 data, and based on their values of dt .
From this exercise, we concluded that our diameter depen-
dence vRBM5248/dt can account for our experimental Ra-
man results and that the vRBM5223/dt112.5 expression
does not fit our experimental results. This comparison sug-
gests that each kind of sample has its own parameters in
relating vRBM and dt , and perhaps each kind of sample also
has different Eii
exp values. It therefore seems to be very diffi-
cult at the present time to unify all of these data quantita-
tively, because of the different interactions between the
nanotube species and their local environments. Future stud-
ies of the optical spectra and the analysis of the normalized
anti-Stokes to Stokes intensity ratio of the Raman spectra
from the same isolated individual SWNT should shed further
light on why different expressions for vRBM are needed for
the interpretation of these complementary experiments.
FIG. 4. Experimental ~solid circles! and calculated ~open
circles! electronic transition energies E22
S ~lower panel!, E33
S and E44
S
~upper panel!, for isolated single-wall nanotubes. The circles en-
closing ‘‘1’’ signs stand for Eii
cal for the nanotubes for which we
have assigned Eii
exp ~solid circles! values. In the lower panel the
open triangles stand for data obtained from photoluminescence
spectroscopy taken from Ref. 20.11542Another result reported by Bachilo et al.20 is that the
E22
S /E11
S ratio is significantly smaller than the value of 2, the
latter which would be expected to apply on average, based
on the simple theoretical framework that we have used to
analyze our Raman data. It is also remarkable that the spread
in the E22
S energies obtained from photoluminescence @see
open triangles in Fig. 4~b!# is much greater than that ob-
served experimentally from Raman spectroscopy at the
single nanotube level and found theoretically from tight-
binding calculations. Deviations of E22
S /E11
S on average from
the expected ratio of 2 is referred to as the ‘‘ratio problem’’
and could perhaps be due to exciton effects. One would ex-
pect excitons to mainly affect the E11
S transitions. We empha-
size here that the E22
S values determined by Bachilo et al.20
fall into the same energy range as our E22
S @see Fig. 4~b!#
values, and that our E22
S values do not deviate from the tight-
binding energies by more than 20 meV for dt.0.83 nm @see
Fig. 4#. The results of our work imply that a negative devia-
tion in the E22
S /E11
S ratio from 2 must be due to an upshift in
the E11
S energies that are reported for photoluminescence
measurements when compared with tight-binding calcula-
tions. Normally exciton effects would be expected to down-
shift E11S energies, making the implied upshift in E11S from
photoluminescence measurements so interesting. A recent re-
port by Kane and Mele23 has pointed out that many-body
excitations are responsible for perturbing the energy bands
and that many body effects can also upshift E11
S
.
A recent paper by Sakai et al.24 reports that the Eii sepa-
ration is increased from a simple one-electron energy when
the electron-electron repulsion interaction is taken into ac-
count. Generally, it is expected that an exciton effect be-
tween the electron and the hole ~attractive potential! lowers
the Eii values. In low-dimensional materials, the lowest-
energy separation i51 is expected to give the largest exciton
effect. But in the case of carbon nanotubes according to Sa-
kai et al.24 a rather different behavior should be observed.
The lowest E11 energy was found to have a smaller binding
energy24 for the exciton than the higher-energy transitions
owing to its smaller effective mass. Thus the E11 energy
values are slightly upshifted compared with the other Eii
values, and the E22
S /E11
S ratio being smaller than 2 is thus
explained by these authors.24 The theory discussed in Ref. 24
also elucidates the different g0 values determined from opti-
cal and scanning probing microscopy. The g052.9 eV deter-
mined for explaining the optical experiments includes many
body effects, in contrast to g052.6 eV, determined from
scanning-tunneling microscopy experiments. Basically, the
results of Fig. 4 imply that the photoluminescence spectra
are suggesting a larger trigonal warping effect than what is
found from analysis of Raman spectra at the single nanotube
level.
Recent simultaneous Raman Stokes and photolumines-
cence experiments done on the same isolated nanotube has
added new considerations to the ‘‘ratio problem’’ scenario
and also to the emission properties of SWNTs.25 Firstly,
Hartschuh et al.25 found that ~6,4! and ~6,5! nanotubes
pumped to the first excited state exhibit the same fluores-
cence energy as the energy observed by Bachillo et al.20 for8-6
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obtained by Hartschuh et al.25 suggested that the many elec-
tron picture seems to fail in explaining emission properties of
small diameter tubes. Even though the ratio problem has
been discussed extensively in the literature, this problem and
its various manifestations have not yet been resolved either
experimentally or theoretically. Secondly, the authors of Ref.
25 also observed that two SWNTs with identical Raman
spectra also exhibit considerably different emission spectra
regarding the position of the emission energy. For the ~7,5!
tube Hartschuh et al.25 get peak values for E11
S emission
measurements ranging from 1.21 to 1.23 eV. This result
points out that the peak positions in the PL data are very
sensitive to the local environment and this should be the
reason why, up to now, it has been very difficult to establish
a clear picture in correlating the photophysics results from
different samples and techniques.
3. Isolated SWNTs vs double-wall nanotubes
Regarding small diameter tubes, we now compare our
data for isolated SWNTs with those reported for double-wall
nanotubes whose inner tubes are very small in diameter. Re-
cently, Kramberger et al.26 have observed well-resolved fea-
tures in the Raman spectra of double-wall nanotube bundle
samples for the small diameter range (,1 nm) and, they
assign a large set of (n ,m) indices to observed Raman fea-
tures for the inner tubes of the double-wall species. Most of
the inner tubes assigned in Ref. 26 fall in a lower diameter
range compared with the tubes that we list in Table I. Fur-
thermore, they observed many more tubes than are reported
in Table I, because their experiments were carried out on a
bundle sample, whereby all of the possible chiralities for a
given diameter range are presumably present. However,
some of the tubes that we assign are also on the list of the
inner tubes observed for double-wall tubes.26 Good agree-
ment between the structural data for the ~12,0!, ~11,3!, and
~7,6! tubes is indeed observed. Small discrepancies in the
RBM frequencies come from the different equations used for
correlating the vRBM with the tube diameter dt . In the case
of double-walled nanotubes, small changes in the RBM fre-
quency for the inner tube compared with its SWNT counter-
part are expected due to the presence of the outer tube. The
assignments carried out for the inner tubes in Ref. 26 are
based on a equation vRBM5a/dt1b , while we have found
from fitting our data for the tubes sitting on Si/SiO2 substrate
that b is negligibly small. Stokes to anti-Stokes intensity
ratio measurements on double wall nanotubes would allow
one to make a more accurate assessment of the chiralities and
to improve the models for precisely correlating specific
(n ,m) tubes with specific spectral features.
IV. CONCLUSIONS
In summary, we have presented an analysis of the Stokes
and anti-Stokes Raman spectra for isolated single-wall car-11542bon nanotubes. We have focused our analysis on small-
diameter tubes where few possibilities are found for assign-
ing (n ,m) pairs to the observed Raman spectra. The
measured normalized anti-Stokes to Stokes intensity ratio
IAS /IS is used for obtaining the electronic transition energies
Eii
exp
, independent of band-structure calculations. By com-
paring the Eii
exp with Eii
cal values calculated from a tight-
binding model on a one-on-one basis, we have made (n ,m)
pair assignments, and we have found that the deviation be-
tween experiment and tight-binding theory DEii5Eii
exp2Eii
cal
does indeed depend on dt . The deviation DEii is observed to
become more negative as the tube diameter gets smaller, thus
indicating that the tight-binding approximation overestimates
the van Hove singularity energies for small dt tubes (0.8
,dt,1.1 nm). Our experimental results indicate that: ~i! the
large curvature in the small diameter tubes, which induces a
s-p hybridization, lowers the electronic band energies, and
~ii! the simple formulation of the tight binding model to de-
termine Eii is accurate to 20 meV for tube diameters larger
than 0.83 nm. Finally it should be pointed out that the ability
to grow SWNTs with a very narrow diameter distribution is
rapidly increasing.27 This will allow more systematic and
precise connections to be made between experiments and
models since these special samples will contain only a small
number of different (n ,m) SWNTs.
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